Organisms rely on a variety of regulatory architectures to control gene transcription. Whereas the functional characteristics of particular architectures are well understood, the properties of newly discovered regulatory designs cannot be easily predicted. One emerging design depends on small proteins that connect twocomponent regulatory systems, which constitute the dominant form of bacterial signal transduction. These connectors enable one system to respond to the signal perceived by a different system. To understand the functional properties of such connector-mediated architectures, we investigated the pathway controlled by the PhoP-dependent connector protein PmrD of Salmonella enterica and contrasted it to the circuit in which genes are regulated directly by the transcription factor PhoP. The PmrD-mediated pathway displayed both signal amplification and persistence of expression when compared with the direct pathway. Mathematical modeling of the two pathways allowed us to identify critical factors responsible for signal amplification. mathematical modeling ͉ Salmonella ͉ signal transduction ͉ transcriptional regulatory circuit ͉ two-component system
T
he levels at which a gene is transcribed depend not only on the promoter sequences that are recognized by RNA polymerase and/or DNA-binding activators and repressors, but also on the regulatory architecture that determines the amount and activity of these proteins. Despite recent progress in the description and characterization of network motifs (1) , there is still limited knowledge about the quantitative behavior of different regulatory designs even for well studied microorganisms. Here, we explore a regulatory design that relies on a class of bacterial proteins, termed connectors, that have the unique property of connecting two-component systems (2) (3) (4) (5) , which constitute the most prevalent form of bacterial signal transduction (6, 7) .
The best-characterized connector protein, designated PmrD, links the signal activating the PhoP/PhoQ two-component system with expression of the genes that are directly controlled by the PmrA/PmrB two-component system in the bacterium Salmonella enterica serovar Typhimurium (8) (Fig. 1A) . The PmrD protein accomplishes this task by binding to the phosphorylated form of the DNA-binding protein PmrA, protecting it from dephosphorylation by the sensor protein PmrB (2) . This activity enables binding of the PmrA protein to its regulated promoters and transcription of PmrA-regulated genes. The PmrD protein is produced when the sensor protein PhoQ responds to low extracytoplasmic Mg 2ϩ by promoting phosphorylation of the DNA-binding protein PhoP. The phosphorylated PhoP protein then binds to a large number of target promoters, including that of the pmrD gene, and activates or represses gene transcription (9, 10) . Three of the PmrA-activated loci mediate resistance to the antibiotic polymyxin B. Therefore, the PmrD-mediated connection enables S. enterica to be resistant to polymyxin B not only in response to the Fe 3ϩ signal that is sensed by the PmrB protein (11) but also in low-Mg 2ϩ environments, which activate the PhoP/PhoQ system (12) .
In this work, we explore the quantitative differences that exist between the direct transcriptional activation carried out by the PhoP protein and the connector-mediated regulatory design that depends not only on PhoP but also on the PmrD and PmrA proteins. Using a combination of molecular genetics and modeling approaches, we are able to establish that the connectormediated pathway promotes higher output levels than the direct pathway, and that the expression of target genes remains active for longer periods of time after an organism stops experiencing inducing conditions. A comparison with other network architectures suggests that these properties can be expected of multistage regulatory circuits.
Results

PmrA-Activated Genes Are Induced to Higher Levels than Those
Regulated Directly by the PhoP Protein. We examined the expression levels of PhoP-activated genes in bacteria that were grown for 4 h in 10 mM Mg 2ϩ , which are repressing conditions for the PhoP/PhoQ system, and then shifted to media with different Mg 2ϩ concentrations and incubated for 2 h. We determined the induction ratio (i.e., the mRNA levels for organisms grown in an inducing Mg 2ϩ concentration divided by the mRNA levels corresponding to organisms grown in 10 mM Mg 2ϩ ) for three genes that are regulated via the PhoP-PmrD-PmrA pathway and for eight genes that are directly controlled by the PhoP protein.
[The latter genes harbor prototypical PhoP-dependent promoters (13) (14) (15) (16) such as that corresponding to the mgtA gene, which does not require proteins other than PhoP and RNA polymerase for in vitro transcription (ref. 17 ; J. C. Perez and E.A.G., unpublished data). The induction ratio ranged from 38 to 128 for the genes regulated via the connector-mediated pathway, which is much higher than the 4 to 20 induction ratio for the genes regulated via the direct pathway ( Fig. 2A) .
To avoid the potentially confounding issue of comparing the induction ratio for different genes, we investigated the induction ratio of the same gene in isogenic strains that differed only in whether the gene was activated directly by the PhoP protein or via the connector-mediated pathway. We created an S. enterica strain that was deleted for the pmrD gene and harboring a four-nucleotide substitution in the pbgP promoter that replaced the original PmrA-binding site with a PhoP-binding site (Fig.  1B) . The induction ratio for the pbgP gene was only 22 for the latter strain, which is one-sixth the induction ratio of 134 exhibited by the strain with the connector-mediated pathway (Fig. 2B) . This difference is due to both higher levels of pbgP expression in the strain with the connector-mediated pathway and leakiness of expression in the strain with the direct activation pathway [supporting information (SI) Fig. 6 ]. We designate signal amplification the property of the connector pathway to promote higher induction ratios than the direct pathway.
The Connector-Mediated Pathway Promotes Transcription with
Slower Kinetics than the Direct Pathway. We examined the transcription kinetics of the pbgP gene in the two isogenic strains described above that were grown under repressing conditions (i.e., 10 mM Mg 2ϩ ) for 4 h and then incubated under inducing conditions (i.e., 20 M Mg 2ϩ ) for different extents of time before harvesting the bacteria. The pbgP mRNA was detected immediately after the shift to inducing conditions in the strain in which PhoP regulates pbgP transcription directly, which is in contrast to the delay in the appearance of the pbgP mRNA exhibited by the strain with the connector-mediated pathway (Fig. 3A) . The pbgP transcript reached maximum levels by Ϸ30 min in the two strains. The lag exhibited by the strain with the connector-mediated pathway is likely due to the need to transcribe the pmrD gene and translate the corresponding mRNA so the resulting PmrD protein can protect phospho-PmrA (PmrA-P) from PmrB-promoted dephosphorylation, thereby allowing PmrA-P to bind to the pbgP promoter and activate gene transcription.
Mathematical Modeling of the Connector-Mediated and Direct-Activation Pathways. We modeled the two regulatory pathways discussed above as described in Materials and Methods. We focused on the transcriptional regulatory modules (as opposed to the complete signal transduction cascade) because the architectural differences in the modules appear to be directly responsible for the differences in dynamic behavior of the two pathways. The models were fitted to the activation kinetics data (Fig. 3A) assuming that the initial concentrations of the chemical components involved in the pathways were equal to their steady-state concentrations under repressing conditions. The models allowed us to obtain estimates for the rate/equilibrium constants and the initial concentrations of the chemical components.
The models reproduce the main features of the activation behavior exhibited by the strains with the connector-mediated and the direct-regulation pathways (Fig. 3A) . As previously demonstrated (10), low Mg 2ϩ increases the level of the phosphorylated PhoP protein (i.e., PhoP-P), which is the key regulator in both pathways. The parameter sets obtained via fitting were used to generate steady-state curves for the induction ratios (Fig. 3B) . We chose an interval of PhoP-P concentrations ([PhoP-P]) so that the computed mRNA levels (SI Fig. 6 ) and induction ratios at the ends of the interval would be close to the experimental measurements. Consistent with the experimental data ( Fig. 2B) , our model demonstrated signal amplification (Fig. 3B) .
Analytical investigation of the models' steady-state equations showed that if the affinity of PmrD for PmrA-P is high and the production rate of PmrA-P is much lower than its depletion rate (which is the case for the fitted model of the connector-mediated pathway), then signal amplification should take place at sufficiently high PhoP-P concentration (SI Text, Cascade-like Properties of the Connector-Mediated Pathway). We could establish that this property results from the difference in the architectures of the two pathways. The connector-mediated pathway can be viewed as a two-stage regulatory cascade with each stage having a sigmoidal signal-response curve (with Hill coefficient 2), which is in contrast to the direct pathway, where there is a single stage (also with sigmoidal response curve and Hill coefficient 2). Therefore, the signal-response curve for the connectormediated pathway has a Hill coefficient 4, and the steady-state concentration of pbgP mRNA for the cascade approaches 0, [PhoP-P] 3 0, much faster than that for the direct pathway model (SI Text Eqs. 15 and 16), which leads to signal amplification at high PhoP-P concentrations (SI Text Eq. 17).
The models' steady-state equations (SI Text Eqs. 7 and 8) showed that the induction ratio curves are insensitive to changes in pbgP promoter activity. On the other hand, our computations demonstrated that the curves are quite sensitive to changes in other parameters, such as the rates at which the PmrD protein is produced and the PmrA-P/PmrD complex is formed (Fig. 3B ).
The Levels of the Connector Protein, PmrD, Are Critical for the Output of the Connector-Mediated Pathway. Our model (SI Text Eqs. 9-12) predicts that an increase in the amount of PmrD protein (such as one resulting from a longer half-life) leads to heightened levels of pbgP mRNA. To test this prediction, we created a strain that expressed a PmrD variant (termed PmrD-FLAG) with eight additional amino acids at the C terminus from the normal pmrD promoter and chromosomal location. Because many proteases recognize amino acids in the C terminus of a protein, we anticipated that the PmrD-FLAG protein might have a different half-life than the wild-type protein, thus impacting the pbgP mRNA levels. Indeed, the half-life of the wild-type PmrD protein was Ϸ11 min, whereas that of the PmrD-FLAG protein was Ϸ37 min (SI Fig. 7 ). The levels of the pbgP mRNA were approximately twofold higher in the strain expressing PmrD-FLAG than in the one with the wild-type PmrD protein; this was true at both inducing and repressing Mg 2ϩ concentrations (SI Table 1 ).
The Connector-Mediated Pathway Promotes Persistence of the pbgP mRNA Levels After a Shift from Inducing to Repressing Conditions. We analyzed the pbgP transcript levels in organisms that had been grown under inducing conditions (i.e., 20 M Mg 2ϩ ) for 2 h and then subjected to repressing conditions (i.e., 10 mM Mg 2ϩ ). There was a rapid decrease in the levels of pbgP mRNA in the strain with direct regulation, which was in contrast to the persisting higher levels of pbgP mRNA displayed by the strain with the connector-mediated pathway: the pbgP mRNA levels decreased to one-half of the original values in Ϸ3 and Ϸ11 min in the strains with the direct and connector-mediated pathways, respectively (Fig. 4A) . This difference is not due to the particular response regulator protein that is directly promoting pbgP transcription (i.e., PhoP for the direct pathway and PmrA for the connector-mediated pathway), because the pbgP mRNA level decreased to one-half of its original value in only Ϸ1 min in the strain with the connector-mediated pathway when pbgP transcription was stimulated by Fe 3ϩ [which activates the PmrA/ PmrB system in a PmrD-independent manner (11) (Fig. 1 A) ], The connector-mediated pathway of wild-type S. enterica exhibits an initial delay for activation compared with the direct pathway. mRNA levels of pbgP gene in wild-type S. enterica and in the engineered strain with the direct pathway (EG17344) after bacteria were grown in noninducing (i.e., 10 mM MgCl 2) conditions for 4 h and then grown for the indicated times after they were switched to inducing conditions (i.e., 20 M MgCl2). The value at time 0 corresponds to the time the organisms were switched to inducing conditions. The experimental data corresponding to the direct and connector-mediated pathways are presented as orange squares and blue diamonds, respectively, whereas solid lines indicate trajectories for models fitted as described in Materials and Methods. (B) Expected steady-state induction ratios for the pbgP mRNA as a function of phospho-PhoP concentration ([PhoP-P]) for the two pathways computed by using the fitted models (solid lines; color coding as in A). The key roles played by the rates of PmrD production and PmrA-PPmrD complex formation is demonstrated by their distinct behavior upon modification of the values for these parameters. The curves corresponding to scenarios with a 10-fold increase in the rates of PmrD production and PmrA-P-PmrD complex formation are shown by thin and thick dashed lines, respectively. The curves corresponding to scenarios with a 10-fold decrease in the rates of PmrD production and PmrA-P/PmrD complex formation are shown by thin and thick dash-dot lines, respectively; in the figure, the latter two lines coincide.
and then subjected to Fe 3ϩ deprivation (SI Fig. 8 ). The prolonged persistence of the pbgP mRNA depends on the amount of the PmrD protein because the pbgP mRNA level decreased to one-half of the original value in Ϸ43 min in the strain expressing the more stable PmrD-FLAG protein (Fig. 4B) ; this is nearly four times longer than that displayed by the strain with the wild-type PmrD protein.
Cumulatively, these data demonstrate that the connector-mediated pathway is characterized by increased mRNA persistence after a switch from inducing to noninducing conditions.
The Connector-Mediated Pathway Stimulates Increased Polymyxin B
Resistance. PmrA-regulated resistance to the antibiotic polymyxin B results from modification of the lipopolysaccharide with 4-aminoarabinose and phosphoethanolamine (18) (19) (20) . The biosynthesis of 4-aminoarabinose and its incorporation into the lipopolysaccharide is mediated by proteins encoded by the PmrA-activated ugd gene and pbgP operon (21) , whereas the pmrC gene product is responsible for the phosphoethanolamine incorporation into the lipopolysaccharide. To explore whether the pathway architecture affected the levels of polymyxin B resistance, we constructed two isogenic strains that were deleted for the PmrA-activated pmrC gene, which is a minor contributor to polymyxin B resistance in S. enterica (20) , so as to focus exclusively on the ugd-and pbgP-mediated polymyxin B resistance. One of the strains retained the wild-type pmrD gene and promoters for the pbgP operon and ugd gene, whereas the other strain was deleted for the pmrD gene and harbored synthetic PhoP boxes at the pbgP and ugd promoters, which enabled direct PhoP control of transcription. Over a broad range of Mg 2ϩ concentrations, the ⌬pmrC S. enterica strain displayed higher levels of polymyxin B resistance than the strain with direct control of pbgP and ugd expression (Fig. 5) , which is in agreement with the transcriptional data (Fig. 2B) .
Discussion
We have demonstrated that the connector-mediated pathway promoting expression of PmrA-regulated genes in response to the signal that activates the PhoP protein in wild-type S. enterica differs from the direct pathway, where PhoP acts at its target promoters, both in the expression levels (Fig. 2) and the dynamics (Figs. 3 and 4) of the transcriptional response. This finding indicates that connector proteins not only expand the spectrum of environments where genes can be expressed (by virtue of connecting systems that respond to different signals) but also affect the degree to which genes are regulated. We determined that the connector-mediated pathway confers signal amplification. This was reflected on the mRNA levels achieved upon induction (Fig. 2B and SI Fig. 6 ) and on the degree of resistance to the antibiotic polymyxin B (Fig. 5) , which is mediated by the products of these mRNAs. In addition to signal amplification, the connector-mediated pathway differed from the direct pathway in that it exhibited persistence of expression, that is, when S. enterica was switched from inducing to noninducing conditions, gene expression remained for a longer period in organisms harboring the connector-mediatedpathway architecture. The connector protein, PmrD, is essential for expression persistence because extending its half-life resulted in prolonged expression of the PmrA-activated pbgP gene (SI Fig. 7 ). An increase in the half-life of the PmrD protein also resulted in higher levels of pbgP expression (SI Fig. 7 and SI Table 1 ), which is in agreement with the model predictions regarding the significant role of PmrD levels in signal amplification (Fig. 3B) . These findings suggest that signal amplification and expression persistence are closely connected and are likely caused by the same factors. Thus, we anticipate that increased affinity of PmrD for PmrA-P, which is predicted to promote increased output levels will also increase persistence of expression. From the point of view of evolution, it is possible that persistence of expression is a ''side effect'' of positive selection for signal amplification in the connector-mediated pathway. In any case, these properties may allow S. enterica to express PmrA-activated genes continuously in fluctuating environments.
It is noteworthy that some of the genes identified as being activated via the PhoP-PmrD-PmrA connector-mediated pathway in S. enterica (i.e., pbgP and ugd) are under direct transcriptional control of the PhoP protein in the related enteric pathogen Yersinia pestis, which lacks a pmrD gene (22) . The Y. pestis pbgP and ugd promoters harbor binding sites for both the PhoP and PmrA proteins, which allows Y. pestis to express these genes in response to the same signals that activate their transcription in S. enterica. The 4-aminoarabinose modification brought about by the PbgP and Ugd proteins is required not only for resistance to polymyxin B (18, 19, 23) , which is enhanced in the connectormediated pathway present in S. enterica (Fig. 5) , but also to metal ions present in soil (24) . Moreover, it has been implicated in S. enterica infection of chicken macrophages (25) and in Y. pestis survival within murine macrophages (26) . Because the connector-mediated and direct pathways differ in their output, it is possible that the distinct regulatory designs used by S. enterica and Y. pestis to express the 4-aminoarabinose-modifying genes contribute to the distinct niches that these bacterial species occupy.
The connector-mediated pathway can be viewed as a regulatory architecture consisting of two separate single-input modules (27) joined by a connector protein. Our analysis demonstrates that this architecture has properties that are distinct from those of the individual single-input modules, but are in common with other multistage expression control circuits. The regulatory logic of the connector-mediated pathway is analogous to that of the coherent OR-gate version of the feedforward loop (FFL), one of the most frequently encountered network motifs (28) . Similarly to this FFL, the connector-mediated pathway is characterized by persistence of expression upon deactivation (Fig. 4) ; yet, the connector-mediated pathway exhibits delayed induction (Fig.  3A) and signal amplification (Fig. 2) , which have not been reported for this FFL type (28, 29) . On the other hand, there exist striking and unexpected similarities between the dynamical behavior of the connector-mediated pathway, which consists of two transcriptional activators connected by a protein at a posttranslational level, and that corresponding to a synthetic transcriptional cascade consisting of three repressors (30) . Both pathways are qualitatively equivalent with respect to induction lags and expression persistence (30) (31) (32) . Thus, it is likely that other multistage regulatory circuits with linear structure will exhibit similar properties.
Materials and Methods
We describe the bacterial strains, plasmids, growth conditions, construction of chromosomal mutants, and degradation rate analysis by quantitative Western blotting in the SI Text. Bacterial strains and plasmids used in this study are listed in SI Table 2 . Primers used in the construction of chromosomal mutants are listed in SI Table 3 .
Quantitative Analysis of Transcription. Bacterial cells from an overnight culture grown in N-minimal medium (pH 7.7, with 10 mM MgCl 2 ) were added to 25 ml of fresh medium with 50 times dilution and shaken at 37°C for 4 h, which constitutes noninducing conditions for the PhoP/PhoQ and PmrA/PmrB systems. After the cells had been spun down, the pellet was resuspended in 175 l of fresh medium. This fresh cell suspension was used as noninducing cells for all quantitative transcriptional analysis.
For activation analysis, the PhoP/PhoQ and PmrA/PmrB systems were induced by adding the cell suspension of the wild-type 14028s strain or the engineered strain (EG17344) to 25 ml of fresh medium containing no MgCl 2 with 500 times dilution, which results in an approximate final concentration of Mg 2ϩ of 20 M, and shaken at 37°C. For steady-state analysis, a cell suspension of the wild-type strain 14028s or the engineered strain (EG17344) was added to 2 ml of fresh medium containing different concentrations of MgCl 2 with 1,000 times dilution and shaken at 37°C for 2 h. For repression analysis, the PhoP/PhoQ and PmrA/PmrB systems were preinduced by adding the cell suspension of wild-type 14028s strain or the engineered strain (EG17344) to 25 ml of fresh medium containing no MgCl 2 with 500 times dilution, which results in an approximate final Mg 2ϩ concentration of 20 M, and shaken at 37°C for 2 h. To preinduce the PmrA/PmrB system in high-Fe 3ϩ condition, a cell suspension of a pmrD mutant (strain EG11491) was added to 25 ml of fresh medium containing no MgCl 2 and 100 M FeCl 3 and shaken at 37°C for 1 h. Two hundred fifty microliters of 1 M MgCl 2 or 750 l of 100 mM deferoxamine mesylate was added to the culture to repress the PhoP/PhoQ and/or PmrA/PmrB systems.
An aliquot (1 ml for activation analysis, 2 ml for steady-state analysis, and 0.5 and 1 ml for Mg 2ϩ -and Fe 3ϩ chelator-mediated repression analysis, respectively) of bacterial cell culture was collected at the indicated time points, mixed immediately with 1/5 vol of 5% phenol, pH 4.3 (Sigma, St. Louis, MO)/95% ethanol to inactivate cellular RNases, and kept on ice for at least 30 min. After the cells had been spun down at 3,220 ϫ g for 5 min at 4°C, the supernatant was carefully removed. The cell pellet was kept at Ϫ80°C until the following day.
Total RNA isolation was performed by using an SV Total RNA Isolation System (Promega, Madison, WI) according to the manufacturer's instructions with the following modifications: cells were resuspended in 10 l of 10 mM Tris/1 mM EDTA, pH 8 (TE buffer) containing lysozyme (50 mg/ml), and incubated at room temperature for 5 min, and lysed by adding the mixture of 75 l of SV RNA Lysis buffer (Promega, Madison, WI) and 90 l of 10 mM Tris/1 mM EDTA, pH 8. The reverse transcription reaction (10 l) consisted of Ϸ8 ng total RNA, 2.5 M random hexamers, and TaqMan Reverse Transcription Reagents (Applied Biosystems, Foster City, CA). Quantitative real-time PCR analysis was carried out by using an appropriate primer set, cDNAs, and an SYBR Green PCR Master Mix (Applied Biosystems) by an ABI PRISM 7000 Sequence Detection System (Applied Biosystems) according to the manufacturer's instructions. Data were normalized with the values corresponding to 16S RNA. For analysis of gene expression at steady state, we obtained the induction ratio by dividing the mRNA levels after growth at the different concentrations of MgCl 2 by those corresponding to growth in 10 mM MgCl 2 . For analysis of gene expression when organisms were switched from inducing to repressing conditions, data were further normalized with the mRNA values of target genes in inducing and noninducing conditions (at time 0) as 1 and 0, respectively. The data correspond to mean values of two independent experiments performed in duplicate. Error bars correspond to the standard deviation. Primers used in quantitative real-time PCR, which were designed by using Primer Express (Applied Biosystems), are listed in SI Table 4 .
Polymyxin B Sensitivity Assay. A 1-h polymyxin B sensitivity assay was performed as described in ref. 8 . The data correspond to mean values of two independent experiments performed in duplicate. The error bars in Fig. 5A correspond to the standard deviation.
Mathematical Models: Construction and Analysis. The mathematical models of the direct and connector-mediated pathways are ordinary differential equation systems describing the temporal changes in the concentrations of the main chemical components of the two pathways. The direct regulation model consists of one equation for the concentration of the pbgP mRNA. The connector-mediated regulation model comprises four equations that describe changes in the concentrations of the pbgP mRNA, PmrD, PmrA-P, and PmrA-P/PmrD. In both pathways, the concentration of PhoP-P is the independent variable that represents the input signal, whereas the concentration of the pbgP mRNA is the output signal. The chemical interactions are modeled by using mass action kinetics; transcriptional control is described by using sigmoidal control functions. The explicit form of the equations, derivation details, and descriptions of mathematical analyses are given in the SI Text.
All computations (including model fitting) were performed in MATLAB R2007a (MathWorks, Natick, MA). The experimental data describing PhoP-P activation dynamics (10) were approximated by a fifth-degree polynomial by using the functions pchip and polyfit. Model-fitting to the data in Fig. 3A was performed with MATLAB's SimBiology Toolbox (MathWorks) by using the optimization functions ga (for the connectormediated pathway model) and fmincon (for the direct regulation model). In our model-fitting experiments, we used the following general strategy. The initial values for the concentrations of PhoP-P and pbgP mRNA were selected based on experimental data; for other variables (connector-mediated pathway), the initial values were arbitrary. To adjust the parameter (rate/ equilibrium constant) values, the model-fitting function sbioparamestim was used. The fitting procedure was initialized with randomized sets of parameter values, which resulted in different fits; the set giving the best fit was selected as the final set. At this stage, the initial values for the reactant concentrations remained unchanged. Next, the steady-state concentration values corresponding to the concentration of PhoP-P under repressing conditions were calculated. We set the initial values for the reactant concentrations equal to the steady-state values, ran the fitting procedure (without randomization) on the model, and calculated the steady state for the new fit; the final fit was obtained after several iterations of this procedure.
